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Abstract 
Minimizing environmental impacts due to logistics activities have long been recognized as part of a way to promote a sustainable supply chain. 
Facility location decisions play a critical role in strategic design of supply chain and hence have a long-term impact on its cost and environmental 
performance. In this study, Operations research and Life-cycle impact assessment techniques are used to estimate the burden on local population’s 
health caused by facility location decisions. Specifically, our primary goal is to minimize the impacts on local population’s health quantified in 
terms of Disability Adjusted Life Year (DALY). A mixed integer linear programming model is developed based on a case study located in Can 
Tho city, Vietnam. Geographic information system (GIS) mapping software is used to estimate the number of affected population. The results of 
the study show that population density along different parts of transportation routes is the main factor influencing the selection of optimal 
solutions.  
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1. Introduction 
The world has sometime recognized that transportation 
sector is one of the main contributors to global greenhouse gas 
emissions (GHGs) due to its use of fossil fuels. The amount of 
carbon emissions from transport has grown by 45% from 1990 
to 2007 [1]. According to recent research activities, as 
summarized in the literature review provided by Dekker and et 
al [2], significant concerns have emerged regarding the 
environmental impacts caused by logistics activities. Decision 
making in logistics can be classified into many categories, 
ranging from operational level up to tactical and strategic 
levels. All these levels of logistics decisions can potentially 
have a substantial impact on the environment. At operational 
level, the adverse impact on environment and human health can 
usually be reduced by improving the efficiency of day-to-day 
operations. Dukic and et al [3] suggest that proper warehouse 
order picking methods can help reduce environmental impacts 
through lower traveling distance and energy consumption. 
Gouge and et al [4] study vehicle scheduling optimization 
problems with an aim to reduce the public health and climate 
impacts. Emissions from different bus technologies and 
candidate bus routes are evaluated. Ubeda and et al [5] propose 
optimization techniques for a vehicle routing problem with 
backhaul and delivery scheduling. The search for the optimal 
fleet efficiency is performed to maximize profitability and 
minimize environmental impact. 
At the tactical and strategic levels, any decision making 
tends to have a much more significant and long-lasting impact 
on the environment and well-being of people residing within 
the supply chain network. The decision making usually 
involves the determination of locations, numbers, and 
capacities of the network facilities and the flow of materials 
between them. The resulting optimization problem considering 
these parameters is generally referred to as a facility location 
problem. It is worth noting that a recent comprehensive review 
of facility location research is provided by Owen and Daskin 
[6]. 
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature 
Sets and indices 
i  Collection center index i,   i א N 
j  Warehouse index j,   j א O 
k  Plant index k,    k א P 
Parameters 
cijk Transportation cost from i to k across j  
pịjk The number of the affected population from i to k 
across j 
qịjk Distance from i to k across j 
fj Construction cost of warehouse j 
fk Construction cost of plant k 
d1k Monthly demand of plant k 
d2j Capacity of warehouse j  
ai Capacity of collection center i 
M  truck’s carrying weight 
α1 DALY coefficient for full truck load 
α2 DALY coefficient for empty truck load 
Decision variables 
yj  
1, if a warehouse is placed at location j
0, otherwise
­®¯  
 
zk  
1, if a plant is placed at location k
0, otherwise
­®¯  
xijk  a number of pomelos (tons) per month transported 
from i to k across j 
nijk  a number of times per month transported from i to k 
across j 
 
During the past decade, the objective of facility location 
problem is not only to minimize costs but also to minimize 
environmental impacts. Identifying and reducing these impacts 
has received growing interest by researchers and practitioners 
as part of the way to develop sustainable logistics. Recent 
researches have incorporated an environmental dimension in 
traditional facility location optimization problems, which turns 
them into multi-objective optimization problems [7-10]. The 
results of these previous works demonstrate that facility 
location selection is one of the most crucial determinants of the 
release of transport emissions, mostly quantified in terms of 
carbon emissions. 
The use of the amount of carbon emissions as the 
environment impact indicator for logistics activities can be 
rational because CO2 is the primary gas emitted from fossil fuel 
combustion in transportation. However, beside the climate 
change impact which is directly related to the carbon emission, 
the negative impacts on human health due to the exposure of 
transport emissions containing hazardous gases and particulate 
matter (PM) cannot be overlooked especially for populated 
areas. Long-term exposure to air pollutants such as PM, oxides 
of nitrogen, ozone, carbon monoxide, and benzene can increase 
the risk of a number of important health problems related to 
respiratory and cardiovascular diseases, cancer, and adverse 
reproductive outcomes. 
From the existing literature of facility location, the 
consideration of human health in facility location optimization 
model is found in Gouge and et al [4], Soysal and et al [7]. More 
are listed in a review paper by Dekker and el al under their 
facility location section [2]. The exposure to pollutants such as 
NOx, CO, and PM, is accounted for in their multi-objective 
optimization models.  
A more comprehensive assessment of human health impact 
in facility location and related logistics problems have also been 
undertaken in recent research via the use of Eco - indicator 99 
methodology, which is the damage oriented method for LCIA 
(Life cycle impact assessment). In previous facility location 
studies, the damage to human health according to Eco-indicator 
99 expressed as DALY (Disability Adjusted Life Year lost) is 
used to represent the effect of logistics decisions on people. The 
effect on human health not only from exposure to PM but also 
from exposure to various kinds of hazardous gases including 
NOx, SOx, CO, and CO2 can be accounted for at once. Pinto 
Varela and el al [11] obtain a supply chain network design with 
an optimal balance between profit and environmental impacts, 
the latter is translated into the unit of DALY in order to 
illustrate the impact on human health. Abdallah and et al [12] 
use the unit of DALY to visualize the change in human health 
damage due to the selection of suppliers with different carbon 
emissions costs. 
The use of the DALY unit in these previous studies helps 
researchers in designing a supply chain network with a more 
comprehensive estimation of damage to human health. At any 
rate, there are two main gaps that can be addressed. Firstly, the 
estimated human health damage is presented in the form of 
disease burden per person, not per group of population across 
affected area. The overall health impact of population residing 
in the polluted area cannot be determined geographically. 
Secondly, the human health damage is not employed directly as 
one of the optimization parameters. Endpoint single score 
indicators which represent the overall environmental impact are 
usually used as objective functions in supply chain network 
design problems. 
This paper presents a new approach for green supply chain 
management to quantify and minimize the health impact on 
local population caused by facility location decisions. A three-
echelon supply chain case study is presented to demonstrate 
how to estimate the number of people affected by transportation 
emissions. The potential health damage to the population 
expressed as DALY is included in the objective function of a 
mixed integer linear programming model. After that, the 
optimal results of two scenarios with different objectives: cost 
minimization and health impact minimization, are compared in 
order to observe the trade-offs between cost and disease burden 
on the local population. 
The organization of the paper is as follows. In section 2, the 
details of a supply chain network case study in Can Tho city, 
Vietnam and the methodology used to estimate the number of 
people affected by the transport emissions are presented. In 
section 3, the mixed integer linear programming model is 
developed. The results associated with the cost minimization 
and health impact minimization scenarios are shown in section 
4. The discussion of the results is stated in section 5. 
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2. Case study 
2.1. Case Study description 
ABC Company, a pomelo juice producer, is now looking to 
expand its production capacity in Can Tho city, Vietnam. The 
company expects to get its supply from pomelo growers 
locating in Can Tho city. There are 9 districts and 85 sub-
districts in Can Tho city, 66 of which can serve as the 
company’s sources of pomelos. Throughout the year, the total 
pomelo productivity level of these districts altogether is by far 
greater than the amount needed by the company. Therefore, the 
company plans on obtaining pomelos from some of the districts 
just enough to fulfill its demand at the lowest possible 
transportation cost.  
According to the company's plan, pomelos grown by local 
growers in each sub-district are collected at the sub-district's 
collection center. Then, pomelos from every collection center 
in a district are delivered to the district's warehouse. Based on 
the plant’s demand level, the company can construct a 
warehouse in a district that serves as the source of pomelos for 
the company. After that, pomelos stored at all warehouses are 
delivered to the company's soon-to-be-built plant. The 
simplified version of ABC Company’s logistic network is 
depicted in Fig 1. 
The company is considering Tra Noc and Thot Not district 
as two possible locations for its new plant in Can Tho city. The 
primary objective of the company is to determine which 
districts can serve as the location for warehouses and a plant 
with the lowest transportation cost. Beside the cost aspect, the 
company also wants to minimize the health impact on local 
residents caused by its logistics decisions because it is well 
aware that transportation has been one of the main sources of 
air pollution in Can Tho city.  
In Table 1, the distances from all the possible warehouse 
locations to the potential plant locations in Tra Noc and Thot 
Not districts are shown. Beside the distance, the construction 
cost and the capacity of each warehouse are also given. The 
total capacity of all warehouses is 440 tons per month, which is 
equivalent to the maximum of plant’s monthly demand. The 
plant’s construction cost is $300,000 for both alternative 
locations. 
 
 
 
Table 1. The demand, construction cost of each candidate, and distance 
between each warehouse and each plant. 
Warehouse 
Distance (in km) to 
plant location in 
Construction  
Cost ($) 
 Capacity  
(tons/month) 
 Tra Noc  Thot Not 
Ninh Kieu 13.2 46.99 18,000 33 
Binh Thuy 10.86 43.67 15,000 33 
Cai Rang 19.2 52.99 15,000 33 
O Mon 8.44 29.92 20,000 44 
Thot Not 34.78 7.29 22,000 44 
Phong Dien 19.63 47.38 20,000 55 
Co Do 34.47 30.35 34,000 77 
Thoi Lai 18.84 34.87 25,000 55 
Vinh Thanh 54.57 16.22 30,000 66 
2.2. Population estimates 
Can Tho city has a resident population of 1,176,426 residing 
in the total area of 1,432 km2 as of 2011 [13]. The 
transportation emissions from the company’s truck fleet can 
affect the people living in different geographical areas across 
Can Tho city. Here, ESRI ArcGis (Version 10.2) software is 
used in estimating residential populations within 5,000 m of 
each segment of the transportation routes. This distance has 
been used by the previous studies to estimate the number of 
people exposed to fine particulate emissions [4,14]. Moreover, 
population density within each sub-district is assumed to be 
uniformly distributed. The estimated residential population 
data is then used in solving the human health optimization 
problem presented in the following sections of this paper. 
3. Model formulation 
A mixed integer linear programming model is developed 
and used here for analyzing two scenarios: cost minimization 
scenario and human health impact minimization scenario. The 
objective of both scenarios is to determine the optimal set of 
facility locations and the flow allocation of pomelos being 
transported each month. The analysis of the first scenario is 
executed in a way that allows the minimization of total cost 
comprising of transportation cost and facility operating cost to 
be realized. For the second scenario, the DALY coefficient is 
introduced into the objective function allowing the human 
health impact to be minimized. Other coefficients necessary in 
calculating the amount of damage to human health in the 
second scenario's objective function are the number of the 
affected population, traveling distance of vehicle and the 
vehicle's weight. It must be noted that two terms presented in 
the human health damage objective function correspond to the 
transportation of full and empty truck load. 
  
Fig 1. A distribution network of ABC Pomelo Juice Company. 
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The following additional assumptions are made in the 
analysis: 
x A 6-wheel diesel pickup truck with a maximum payload of 
11 tons is used in transporting pomelos from collection 
centers to warehouses and from warehouses to a plant. 
x Outbound trucks assigned to collect pomelos are always 
empty. 
x A full truck load delivery is always carried out for the 
inbound trucks. 
x The DALY coefficient used in this study is based on the 
damage to human health due to climate change and 
respiratory inorganic impact categories. 
We briefly review the mathematical formulation of the 
model. The sets, indices, and variables embedded in the mixed 
integer linear programming model are introduced in the 
previous section.  
 
Cost Minimization Scenario: 
1 j j k k ijk ijk
j k ijk
Min Z f y f z c n  ¦ ¦ ¦    
Human Health Impact Minimization Scenario: 
212 DD ¦¦  
ijk
ijkijkijk
ijk
ijkijkijk nqpMnqpZMin     
Subject to: 
i
jk
ijk ax d¦    Ni   (1) 
jj
ik
ijkjj ydxyd 222/1 dd ¦   j O   (2) 
1 ¦
k
kz    Pk   (3) 
kk
ij
ijk dzx 1 ¦   Pk   (4)  
Mnx ijkijk   PONkji ,,,,   (5)
  
0tijkx      (6) 
,0tijkn  Integer     (7) 
^ 1`,0jy      (8) 
^ 1`,0kz      (9) 
Capacity constraint (1) ensures that each opened collection 
center i does not supply more than its capacity if it is selected. 
Constraint (2) specifics that each warehouse j is only opened 
when the total amount of pomelos supply in district j is at least 
50% of its capacity. Constraint (3) states that there is exactly 
one plant in the supply chain network. Constraint (4) indicates 
that the plant’s demand must be fulfilled. Constraint (5) obliges 
that trucks always carry full load of pomelos on the trip back to 
the warehouses or plant. Constraint (6) and (7) are non-
negativity constraints. The number of trips carried out must be 
an integer. Constraint (8) and (9) are binary constraints for all 
the warehouse and plant locations under consideration. 
4. Results 
The case study problem is solved using CPLEX Version 
12.0 optimization software and is run on Core 2 Duo processor, 
2GB RAM within 12 seconds for each run. Two scenarios: cost 
minimization scenario and human health impact minimization 
scenario are solved based on the plant's demand range of 
between 22 and 440 tons per month. The human health impact 
on the residential population of Can Tho city based on the 
facility location decision is accounted for as the number of lost 
years of their healthy life.  
According to the studying results shown in Table 2, Tra Noc 
is always considered as the optimal plant location for the cost 
minimization scenario. For the human health impact 
minimization scenario, the optimal plant location depends on 
the plant's demand level. When the plant's demand for pomelos 
is less than about 209 tons, building a plant in Thot Not is 
expected to create less amount of disease burden on the local 
population of Can Tho city. However, at the level of demand 
more than 209 tons per month, Tra Noc is the optimal plant 
location creating lower amount of human health impacts as 
compared to the other location.  
Table 2. Selection of the best Plant. 
Demand Cost minimization DALY minimization 
<= 209 * Tra Noc Thot Not 
209 - 440 Tra Noc 
* Lowest plant’s demand level is 22 tons per month. 
In Table 3, the amount of cost and the human health impact 
in terms of DALY corresponding to each scenario's optimal 
plant location at different plant's demand level above 220 tons 
per month are shown. It must be noted that the displayed DALY 
values are the sum of DALYs across the residential population 
of Can Tho city.  
In this range of demand, Tra Noc is selected as the optimal 
plant location for both objectives. The company can make a 
decision about the warehouse locations based on the data 
regarding cost and DALY shown in the table. At several plant's 
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demand levels: 330, 374, 418, 429 and 440 tons per month, the 
optimal locations for warehouses are the same whether the cost 
or human health impact is considered. At other demand levels, 
optimizing on the cost always results in a higher impact on 
human health than when it is optimized on the impact. The 
trade-offs between the cost and the disease burden on the local 
population are then needed to be examined. At most demand 
levels, a substantial reduction in human health impact can be 
achieved with insignificant cost impact. For instance, at 253 
tons per month, a total decrease in human health impact of 
19.4% can be obtained at a cost increase of only about 5%. For 
another instance, at 319 tons per month, a total decrease in 
human health impact of as much as 34.9% can be achieved at a 
cost increase of only 0.5%.  
Table 3. Total Cost and DALY of Cost Minimization and Human Health 
Impact Minimization Scenarios. 
Demand 
Minimize Cost Minimize DALY 
Cost DALY* Cost DALY* 
220 402,443.6 274.2 405,119 263.7 
231 409,793 312.5 423,200.8 283.8 
242 414,723 356.8 423,979.8 305.4 
253 420,915.8 402.7 441,801.2 324.6 
264 425,592.2 351 442,580.2 346.2 
275 433,646.4 419.8 442,903.2 368.4 
286 439,324 579.5 443,709.4 391.2 
297 441,840.2 424.5 444,515.6 414.1 
308 450,535.6 486.7 459,502.2 437.9 
319 457,796.2 708 460,308.4 460.8 
330 460,763.6 487.6 460,763.6 487.6 
341 466,783.6 560.2 483,720 524.5 
352 476,546.8 797.7 484,175.2 551.3 
363 478,720.6 729.8 484,924.2 585.8 
374 485,707 623.2 485,707 623.2 
385 495,470.2 860.7 517,584.2 701.9 
396 497,644 792.9 518,333.2 736.4 
407 503,664 865.5 519,116 773.9 
418 520,269.8 825.2 520,269.8 825.2 
429 521,423.6 876.6 521,423.6 876.6 
440 522,587.4 928.5 522,587.4 928.5 
* The DALY value shown in this table is calculated from the DALY of 6-wheel 
diesel pickup truck found in Thai LCI database [15]. 
Another interesting point is to explore factors affecting the 
optimal plant and warehouse locations when the problem is 
solved under the health impact minimization objective. To 
explore this, the optimization results at the demand level of 330 
tons per month as depicted in Fig 2 and Table 4 are investigated. 
It is found that population density along different parts of each 
segment of the transportation routes is the main factor affecting 
the optimal plant and warehouse locations under the health 
impact minimization objective. It can be seen in table 4 that the 
transportation route from NT Co Do to WH Co Do generates 
slightly lower health impact than the transportation route from 
Phu Thu to WH Cai Rang although the former is much longer 
in traveled distance than the latter. This is due to the population 
density of Cai Rang district that is much greater than that of Co 
Do district. Without the variation in population density across 
different sub-districts, the selection of facility location are 
performed solely based on the traveling distance. 
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Table 4. Optimal transportation route and the corresponding cost and health 
impact at the demand level of 330 tons per month. 
Selected Transportation Route 
(Collection center - Warehouse) 
Amount 
Transport Health Impact* 
Cost Full 
Phuoc Thoi - WH O Mon 33 738 17.78 
Chau Van Liem - WH O Mon 11 186.4 4.08 
Long Tuyen - WH Binh Thuy 22 571.2 27.58 
Long Hoa - WH Binh Thuy 11 228 10.93 
Xuan Khanh - WH Ninh Kieu 11 316 21.62 
An Khanh - WH Ninh Kieu 11 284.4 19.25 
An Hoa - WH Ninh Kieu 11 323 22.17 
TT Thoi Lai - WH Thoi Lai 22 790.8 24.95 
Xuan Thang - WH Thoi Lai 22 896 28.95 
Tan Thanh - WH Thoi Lai 11 430.4 13.85 
My Khanh - WH Phong Dien 22 980 31.49 
Tan Thoi - WH Phong Dien 22 971.2 29.71 
P. Dien - WH Phong Dien 11 403.6 11.36 
NT Co Do - WH Co Do 22 1,612 45.64 
Thanh Phu - WH Co Do 22 1,518 42.58 
Dong Thang - WH Co Do 22 1558 43.2 
TT Co Do - WH Co Do 11 708.6 18.9 
Phu Thu - WH Cai Rang 22 792.8 46.71 
Tan Phu - WH Cai Rang 11 455.2 26.82 
Total 330 13,763 487.6 
* Health impact shown in DALY unit is based on a round trip starting from the 
company’s plant in Tra Noc to the selected warehouses and collection centers. 
The affected area in each district and the number of the 
affected population are shown in Table 5. At the demand level 
of 330 tons per month, the company’s pomelo supply chain 
network can affect as much as 62% of Can Tho city’s residential 
population. The affected area accounts for about 47% of the 
area of the city. A district with a small-sized affected area such 
as Ninh Kieu can have a large disease burden on population due 
to its high population density as compared to other districts.  
Table 5. Area and the number of people affected by vehicle emissions. 
District 
Affected area Total area 
Area (km2) Population Area (km2) Population 
Ninh Kieu 29.09 208,714 29.09 208,714 
Binh Thuy 70.71 113,447 70.71 113,447 
Cai Rang 62.67 84,281 67.42 89,259 
O Mon 89.89 93,450 125.1 128,170 
Thot Not 0 0 125.88 168,661 
Phong Dien 107.03 94,824 124.97 109,245 
Co Do 187.82 72,987 326.66 144,882 
Thoi Lai 134.85 47,800 266.81 91,349 
Vinh Thanh 6.84 2,519 296.26 122,699 
Total 688.9 718,022 1,432.9 1,176,426 
5. Discussion 
In this study, the cost minimization and human health impact 
minimization objectives are solved separately under the same 
set of constraints. The trade-offs between cost and human 
health impact are visualized and can be used in the facility 
location decision making. At most demand levels under study, 
a substantial reduction in human health impact can be achieved 
at a marginal cost. The use of ArcGIS mapping software in 
estimating the affected area is very effective. A more accurate 
estimation for the number of the affected population can be 
achieved through the use of higher-resolution population 
density data. 
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